Thymine-2-14 C was irradiated with UV light (>300 nm) in water solutions in the presence of different sensitizers. Pyrimidines upon irradiation with wavelengths of 300 -320 nm in the presence of some ketones as sensitizers, yield cyclobutyl pyrimidine dimers. The reaction occurs through a triplet-triplet energy transfer from the sensitizer to the substrate. The energy transfer, however, does not occur through a simple physical mechanism. The ability of a donor (e. g. ketone molecule) in its excited state to form a complex with the acceptor (pyrimidine molecule) appears to be a prerequisite in this type of photodimerization reaction. A correlation of the photochemical behavior of different ketones in this reaction with the nature of their excited states has been proposed. Carbonyl compounds possessing n, TI* lowest triples are active in inducing pyrimidine dimerizations. By introducing some different electron donating groups to the ketone molecules that lower its TT, TI* state below its n, TI* level, the sensitizing ability of the molecule appears to decrease or disappears completely. Ethylacetoacetate was found to be a more effective sensitizer than acetone or acetophenone. Likewise, dihydroxyacetone was found to be a potent photosensitizer in dimerization of thymine. Urocanic acid (UCA), a major UV absorbing compound in mammalian skin, did not show any sensitizing ability to induce cyclobutyl pyrimidine dimers on irradiation in the presence of thymine, with wavelengths greater than 300 nm. 
Thymine-2-14 C was irradiated with UV light (>300 nm) in water solutions in the presence of different sensitizers. Pyrimidines upon irradiation with wavelengths of 300 -320 nm in the presence of some ketones as sensitizers, yield cyclobutyl pyrimidine dimers. The reaction occurs through a triplet-triplet energy transfer from the sensitizer to the substrate. The energy transfer, however, does not occur through a simple physical mechanism. The ability of a donor (e. g. ketone molecule) in its excited state to form a complex with the acceptor (pyrimidine molecule) appears to be a prerequisite in this type of photodimerization reaction. A correlation of the photochemical behavior of different ketones in this reaction with the nature of their excited states has been proposed. Carbonyl compounds possessing n, TI* lowest triples are active in inducing pyrimidine dimerizations. By introducing some different electron donating groups to the ketone molecules that lower its TT, TI* state below its n, TI* level, the sensitizing ability of the molecule appears to decrease or disappears completely. Ethylacetoacetate was found to be a more effective sensitizer than acetone or acetophenone. Likewise, dihydroxyacetone was found to be a potent photosensitizer in dimerization of thymine. Urocanic acid (UCA), a major UV absorbing compound in mammalian skin, did not show any sensitizing ability to induce cyclobutyl pyrimidine dimers on irradiation in the presence of thymine, with wavelengths greater than 300 nm. whether the dimerization is the result of direct absorption of ultraviolet light by DNA or whether it proceeds through a photosensitized reaction by triplet-triplet energy transfer from some other molecules (e. g. urocanc acid or dihydroxy acetone). The triplet energy of UCA has not yet been calculated.
Materials and Methods
Ultraviolet irradiation (UV) was carried out with a 500 Watt high pressure mercury lamp (Christie Electric Co., Los Angeles). U.V. spectra of the compounds listed in Table 1 open quartz cuvette (1 cm light path) at room temperature in presence of air. The cuvette was placed directly behind a glass filter (window glass 7.5 x 2.5 x 0.2 cm) that transmitted wavelengths greater than 300 nm. Thymine-2-14 C (Tracer Lab., specific activity 2.65 mCi/mmol in water 2 x 10~3 M) was used throughout this study. To the thymine-2-14 C solution the different sensitizers listed in Table 1 , dissolved either in water, or in water/ethanol or water/dioxane mixtures were added; the final concentrations of the sensitizers ranged from 10 _1 -10~4M. The details are shown in Table 1 . Aliquots of the irradiated solutions were spotted on an ion-exchange paper loaded with IRC-50 resin (grade WA-2; Reeve Angel, Clifton, N.J.). The chromatograms were developed employing the solvent system containing 0.1 M acetic acid adjusted to pH 4.8 with ammonia 5 . After chromatography, the thymine spot was located by examining the paper chromatogram under UV. The dried paper chromatograms were then sliced into 1 cm strips, eluted with 1 ml water in Packard vials and the radioactivity was measured after addition of 10 ml Butler-dioxane based scintillation fluid (8 g Omnifluor, NEN, 90 g naphthalene in 1 liter diaxane) in a Packard Tri-Carb (Model 500 B) liquid scintillation spectrophotometer. Rf values of thymine (T) and of thymine dimers (TT) under these experimental conditions were 0.40 and 0.60, respectively.
Results and Discussion
The triplet energies 6 of the compounds used as sensitizers in this study are summarized in Table 2 7 .
The yields of thymine dimers using these compounds as sensitizers are shown in Table 1 . As can be seen from TT yields in the potential sensitizers, has a measurable thymine dimerization occurred. About 1 -1% of thymine dimers were detected even without any sensitizer, following the applications of UV doses at the level indicated in Table 1 . Acetone, ethylacetoacetate and dihydroxy acetone were found to be more potent sensitizers than acetophenone and benzophenone.
The relative efficiency of these potent photosensitizers cannot be established with the data presented in this study and can be ascertained only when a concentration versus the effect curve is obtained under identical conditions. The maximum yields of thymine dimers in our study were obtained with aliphatic ketones. The aromatic ketones, on the other hand gave only poor yields of TT. Ethyl acetoacetate and dihvdroxy acetone, we believe, are examined and reported for the first time as sensitizers in studies involving thymine dimerization.
The low sensitizing ability of the aromatic ketones can be ratioalized in two ways:
1. The concentration effect. The aromatic ketones are practically insoluble in water. With acetophenone, concentrations up to 10~2M can be obtained, whereas with the other aromatic ketones used in this investigation, maximum concentration between 10~2 -10~4 M could be obtained. The sensitizing efficiency of a donor, however, is concentration dependent 8 . In order to increase the solubility of some of these sensitizers, water/ethanol and water/dioxane mixtures were used as solvents for dissolving thymine and the sensitizers. In spite of the increased solubility of the sensitizers, no measurable improvement of the TT yields could be observed after irradiation. One of the possible explanations of this failure lies in the known photoreduction of aromatic ketones in some organic solvents, where hydrogen abstraction can become an important reaction, yielding pinacols as major products 9 . With aliphatic ketones as sensitizers, however, appreciable yields of TT were obtained even in water/ethanol or water/dioxane solutions (see Table 1 ).
2.
The nature of the exited states of the aromatic ketones. The nature of the excited state of a molecule (n, TI* or TI, TI*) can influence the sensitizing ability of a ketone to a much greater degree than its solubility property. The n, TC* state, even of the alkyl ketones, possesses some TI, TI* character. The triplet state of such a molecule can be described as T1 = a(n,7r*) + ß(ji,n*) where a and ß are factors expressing the extent to which each configuration n, TI* or TI, N* contributes to the actual Tx state of the molecule. For acetone or ethylacetoacetate a is significantly greater than ß. Only in the case of n,.T* states, however, is the triplet excitation energy largely localized in the carbonyl group 10 . Furthermore, an n, TI* excitation results in a decrease of negative charge at the oxygen atom of the carbonyl group whereas TI, TT* excitation causes an electronic shift toward the oxygen of the carbonyl and results in an increased negative charge on the oxygen n . Conjugation of a carbonyl group with an aromatic nucleus, or an electron releasing group (e. g. methoxy) reduces the positive character of the excited carbonyl oxygen and lowers the energy of the TI, TI* transition to a larger extent than that of the corresponding n, n* transition. In the latter case the photochemistry typical for the n, TI* state may be altered or become negligible.
This reasoning implies that in the case of aromatic ketones: a) the excited carbonyl oxygen is less electrophylic than in the corresponding aliphatic ketones; b) the excitation energy is delocalized into the TI system and may therefore not be available to overcome the activation energies for reaction at the carbonyl moiety.
Based on these considerations and the results obtained in this work, we can suggest that one of the requirements of ketones to induce sensitized pyrimidine dimerization is that their triplet state energy should be highly localized in the carbonyl group. The electron-deficient carbonyl oxygen is the primary reaction site in this type of photosensitization, and it reacts with the pyrimidine molecule in its groud state yielding a complex of the type I (Fig. 1 ). This concept is also supported by the fact that the cross sections for triplet-triplet energy transfer in solutions are of the order of molecular diameters 12 , so that electronically excited molecular complexes appear as quite likely intermediates. Recently some radical complexes in the photoreduction of benzophenone, involving hydrogen bondings, have also been reported 13 . In irradiated solutions, the occurrence of species characteristic of the acetone photochemistry in the gas phase (i. e. the production of methyl radicals) has been eliminated 14 .
Having all this in mind, we can postulate that the energy transfer in the case of the photosensitized dimerization of pyrimidines does not occur through a simple physical mechanism, as it was proposed generally for some photosensitized reactions in solution 15 . Simple triplet energy transfer might not be involved in this dimerization since some sensitizers (e. g., 4-methoxy-acetophenone, xanthene-9-one and others listed in Table 1 ) having triplet energies higher than thymine did not show any significant ability for thymine dimerization. Our results, hoAVever, support the "relay" mechanism for sensitized reactions given by SCHENCK 16, 17 ; they are also in general accordance with the findings of some other investigators in this field 14 ' 18 ' 19 .
The failure of 4-methoxy-acetophenone to promote thymine dimerization can be explained by the observation that its lowest triplet state has predominantly a TI, TI* configuration 20 ' 21 . The molar absorbance (300 nm) of 4-methoxy-acetophenone is about three times greater than the corresponding value for acetophenone. It should be also realized, that in some cases the solvent can play a major role in establishing the nature of the excited state.
Xanthene-9-one in hydrocarbon solvents gives n, n* whereas in polar solvents the TI, TI* population prevails 22 . Carbazole showed a low sensitizing activity and it is likely that the excited carbazole molecule, through the lone electron pair on the nitrogen, can react with a pyrimidine molecule in its ground state.
The observation that ethylacetoacetate and dihydroxy acetone are efficient in inducing photosensitized thymine dimerization is of considerable interest in as much as these types of compounds are always present in biologically active tissues as 1
